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et BN
A strategy has been devised and tested to employ EcoRI conversion adaptors for cloning 57~
cohesive-ended restriction fragments into the unique EcoRl site of the )gt11 expression vector.
Five Agtll chromosomal libraries were constructed with R:ckettsla tsutsugamushi genomic
A digested with restriction enzymes generating five dlﬂmntgmheswe ends. Recombinant
phage yields as high as lO,,plaque forming units were achieved without amplification of the five

,',,, - ,\ libraries. uences encoding epitopes of all eight R. tsutsugamushi polypeptide antigens,

previously identified by Western blot analysis, were obtained i

libraries. Recombinant antigen expression was
\i:‘% of the recombinants assayed. This method
11 library construction by eliminating b
uniigated EcoRI-ended oligonucieotides.

\
.

KEY WORDS: recombinant DNA; resmctxoﬁagmems.

ertsia tsutsugamushi: Agt11 adaptors.

The Agtll expression vector system was
developed for the cloning and expression of
foreign gene products in Escherichia coli
(1-4). In this system, genes can be expressed
either as $-galactosidase fusion proteins, de-
pendent on the /ac promoter, or as polypep-
tides not regulated by the /ac promoter. For-
eign antigens produced in a recombinant
Agtl1 library are detected by immunoscreen-
ing with polyclonal or monoclonal antisera.
Cloning into the unique EcoRI site of the
lacZ gene in Agtll requires that the insert
DNA fragments be less than 8.3 kb (1,2) and
have EcoRI cohesive ends. Random frag-
ments of genomic DNA are usually gener-
ated for Agtll cloning by mechanical shear-
ing, which necessitates the repair of damaged
DNA ends before the blunt-end ligation to
EcoRI linkers can be accomplished. The li-
gation of EcoRl linkers to blunt-ended insert
DNA must be driven by a large molar excess
of linker. Following linker ligation, two

' To whom correspondence should be addressed.
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- tors of three different

the five Xgtl1 expression
dependent onXgt!1 /ac promoter induction in
significantly improves the efficiency of genomic
t-cnded hgauon and sxmphtymg the removal of

L TES e

antigens; expression vector; Rick-

cycles of EcoRI digestion and size fractiona-
tion (by gel filtration or gel electrophoresis)
are usually required to completely remove
excess linkers. Quantitative removal is neces-
sary to prevent the oligonucleotide linkers
from competing with insert DNA for ligation
to the EcoRlI site of the Agtl!l vector. A sig-
nificant loss of genomic insert DNA usually
occurs when excess linkers are removed.

To improve the efliciency of Agtll clon-
ing, duplex conversion adaptor oligonucleo-
tides (5) were designed, synthesized, and
used to construct Agtll expression libraries
with genomic insert DNA generated by di-
gestion with restriction endonucleases which
leave protruding §' cohesive termini (Fig. 1).
Conversion adaptors are short duplex oli-
gonucleotides that have two different cohe-
sive ends (5). An EcoRI conversion adaptor
carriers an EcoRI cohesive end at one termi-
nus (for Agt11 ligation) and a specified cohe-
sive end at the opposite terminus (for geno-
mic DNA ligation). EcoRI conversion adap-
lengths were

398
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Oligenucieotide muom tra
Stranag (nsert £nd T

-3 o XXNXCGA A 3
A2 AAGTCTTAAY
82 5 XXXXCGA ITC

a3 GCYTCCLTAAG (LTTASS
B3 5 XXXXCGAAGGGGTTECSES

Insert Cohesive End Resincnion Enzyme

Generanng  Compaunble

S XXNX? Cobesne Ends
GATC Sau 1A, Mbo i
Bam HI. Bgl 11, Bel {, Xho |
<G Hpa 1l Msp |, Taq 1. HioP [
Mae 11, Cla 1. Aha il, Nar f
. GNC Ava_IL Sag 961
ANT Hiaf 1
TNA Ddg [
TA Mae |
GTNAC Mae Il
AGCT Hind 111

RG. 1. Sequences of EcoRI conversion adaptors. (A)
The sequence of the EcoRl conversion adaptors used in
this study. Upon ligation, EcoRI conversion adaptors will
add an EcoRlI cohesive end to a restriction fragment gen-
erated by cleavage with a restriction enzyme leaving a
different 5’ cohesive end, represented by <X XXX (A and
B). The sequence design of the component oligonucleo-
tides (strands A and B) of the EcoRI conversion adaptors
is based on the Xmnl long adaptor oligonucleotides de-
signed and marketed by New England Biolabs (A). The
core annealing sequences (boxed) used in all the conver-
sion adaptors is an interrupted palindrome containing an
Xmnl site (boldface). One conversion adaptor was synthe-
sized for each of three reading frames by adding nucleo-
tides to the component oligonucieotides at the positions
indicated (s). “*XXXX" represents any ' cohesive end
longer than one base (B). The cohesive ends added to the
§ ends (yXXXX) of the B strand oligonucieotides are
listed in (B). The restriction enzymes used in this study to
generate restriction DNA fragments for cloning into Agt11
are underlined. The B strand oligonucieotides of conver-
sion adaptors for Hinfl, Ddel, Avall, and Sau96!, which
cleave at degenerate sequences, were synthesized with a
mixture of all four nucleotides at the N position.

constructed so that gene fusion in all three
reading frames was possible. Because ligation
between cohesive-ended DNA is much more
efficient than blunt-end ligation. it was not
necessary to use the large molar excess of
oligonucleotide required to drive linker liga-
tions. Consequently, excess adaptors were
easily removed by PEG® precipitation with .
minimal losses of insert DNA. :

The use of EcoRI conversion adaptors »
allows the rapid (1 day) and efficient con- ‘
struction of genomic Agtil expression li-
braries by eliminating the most inefficient
and troublesome steps (blunt-end ligation
and removal of linker excess) normally en-
countered when constructing Agtl !l libraries
with sheared or blunt-ended DNA. The use
of these EcoRI adaptors is demonstrated
with the cloning of eight polypeptide genes of
R. tsutsugamushi (an obligate intracellular
bacterium which causes scrub typhus in
humans) in Agtl! using genomic DNA in-
serts generated by restriction enzymes recog-
nizing and cutting at conserved tetranucleo-
tide or degenerate pentanucleotide se-
quences.

Topy
INSPECTED /
Synthesis of duplex oligonucleotide adap® ¢
tors. Most of the single-stranded oligonu-
cleotides used to form the duplex adaptors
were custom-synthesized by New England
Biolabs. Two oligonucleotides were com-
mercially available from New England Bio-
labs. One strand (A strand) of each duplex
adaptor contains the EcoRI cohesive end
(AATT) at the 5' terminus attached to the
12-mer core annealing sequence (Fig. 1a.). .
Three lengths of the “A strand” (A1, A2, A3) _#-
were synthesized by the addition of single
cytosine residues berween the 5’ end of the a
core sequence and the 3’ end of the EcoRI a
cohesive end. Oligonucleotides complemen- ‘————
tary to each length of the A strand core an-

MATERIALS AND METHODS

|

? Abbreviations used: PEG, polyethylene glycol: /

IPTG, isopropyl 8-D-thiogalactopyranoside; Xgal, 5- ~—— —
bromo-d4-chloro-3-indolyl 8-D-galactopyranoside. 7 Codes |
el ea d/or
pist ; Special

—
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nealing sequences (13-mer = Bl. l4-mer
= B2, 15-mer = B3) were synthesized with
one of five cohesive termini (Fig. la) added
to the 5’ end of the B strand.”

The duplex conversion adaptors were
formed by separately annealing A strands
and B strands with matching lengths of com-
plementary core sequences. Complementary
oligonucleotides were mixed in equimolar
portions (Al + Bl. A2 + B2. A3 + B3) with
the duplex DNA concentration adjusted to
20 uM in 25 mm Tris-HCI, 8.0. 10 mM
MgCl,. These mixtures were heated to 95°C
and slowly cooled (approximately i h) to
room temperature. At this point the three
lengths of each duplex conversion adaptor
with identical cohesive ends were mixed in
a 1:1:1 ratio and stored at —80°C for fu-
ture use.

DNA purification and manipulation. R.
tsutsugamushi was cultured in mouse L929
cells and purified by density gradient centrif-
ugation on Renografin {Squibb Diagnostics)
discontinuous gradients of 19, 30, and 50%.
Chromosomal DNA was prepared by dode-
cyl sulfate lysis, proteinase K digestion,
RNase A treatment (all from Sigma Chemi-
cal Co. St. Louis MQ), phenoi/chloroform
extraction, and ethanol precipitation as de-
scribed by Silhavy et al. (6). Bacteriophage
DNA was purified as described by Silhavy et
al. (6). Restriction endonucieases and DNA
modification enzymes were obtained from
New England Biolabs and used as per manu-
facturer’s specifications. Purified chromo-
somal DNA was partially digested with re-
striction enzymes recognizing four base pair
sequences in the following manner. Single-
enzyme partial digestions were performed on
genomic DNA with the restriction enzymes
Ddel, Hinfl, Sau3A, and Tagl. Complete di-
gestions with equiunit restriction enzyme
pairs generating identical cohesive ends
(Avall, Sau96l, and HinPl, Hpall) were nec-
essary to result in restriction fragments suit-
ably sized (upper limit 8 kb) for insertion
inio the Agtil vector DNA. All chromo-
somal DNA digestions were monitored by

STOVER. VODKIN. AND OAKS

gel electrophoresis on 0.8% agarose gels. Re-
stricted chromosomal DNA was extracted
with phenol:chloroform:isoamyl alcohol
(24:23:1). ethanol precipitated. and washed
sequentially with 70 and 100% ethanol in
preparation for cloning. All recombinant
Agtlt DNA was analyzed for cloned inser
DNA by EcoRI digestion and electrophoresis
on 1% agarose gels.

Ligation of adaptors to restriction frag-
ment DN A. Conversion adaptor mixtures (20
uM) were added to 2 ug of restriction frag-
ment DNA at a molar ratio of 10 to 1, re-
spectively. This was a fivefold molar excess
of duplex adaptor molecules to insert cohe-
sive ends. These ratios were based on the
average size of the insert DNA which was
estimated by comparison to molecular
weight standards on ethidium bromide-
stained agarose gels (0.8%). The adaptor-in-
sert DNA mixtures were ligated in a volume
of 50 ul (50 mm Tris-HCI, pH 7.4, 10 mMm
MgCl,, 10 mM dithiothreitol, 0.5 mM ATP)
with 4 units of T, DNA ligase for 60 min at
16°C. Because the adaptor-insert molecule
has a single-stranded nick, temperatures are
maintained below the melting temperature
of the duplex oligonucleotide (~50°C).
Therefore, heat inactivation of enzymes is
avoided in all subsequent steps. The ligation
mixtures were extracted once with a mixture
of phenol:chloroform:isoamyl alcohol (24:
23:1) and extracted once more with chloro-
form:isoamyl alcohol (24:1). (Phenol extrac-
tion is necessary to inactivate the ligase activ-
ity, and the final chloroform extraction re-
moves enough residual phenol to allow the
following PEG precipitations.) The volume
of the extracted ligation mixture was ad-
justed to 100 ul with water.

Removal of excess adaptors. At this stage
adaptor oligonucieotides are either ligated to
insert DNA or present in the monomeric
form because adaptors were not phosphory-
lated prior to ligation. High-molecular-
weight insert DNA was selectively precipi-
tated with PEG (7), leaving monomeric
adaptor in solution. A 100-ul solution of 1.5
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M NaCl, 13% PEG (PEG 8000. Sigma) solu-
tion was added to the extracted ligation mix
to adjust the NaCl and PEG concentrations
to 0.75 M and 6.5%. respectively. After chill-
ing on ice for 1 h. the mixture was centri-
fuged in an Eppendorf microfuge for 10 min.
The supernatant was removed with a drawn-
out glass Pasteur pipet, and 200 ul of 0.75 M
NaCl. 6.5% PEG was added. The invisible
DNA precipitate was washed in this solution
by pulse vortexing and microfuge centrifuga-
tion for 5 min. The supernatant was re-
moved as above, and the invisible pellet was
dissolved in 50 ul of TE buffer (10 mM Tris-
HCI, pH 8.0, 1| mMm EDTA). An equal vol-
ume of the 1.5 M NaCl, 13% PEG solution
was added to this mixture, and the precipita-
~ tion, centrifugation, and washing steps were
repeated as described above. Two additional
70% ethanol rinses were then performed on
the invisible DNA pellet to remove any ex-
cess salt and residual phenol or chloroform.

Phosphorylation of adaptor-modified in-
sert DNA. Adaptor-modified insert DNA
was prepared for ligation into Agtl1 by phos-
phorylation of adaptor 5’ ends with T4 poly-
nucleotide kinase. Following PEG precipita-
tion and washing, the DNA was resuspended
in 50 ul of ligation buffer. T, polynucleotide
kinase (1 unit) was added, and the mixture
was incubated at 37°C for 30 min. The kin-
ase reaction was terminated by a single ex-
traction with a phenol:chloroform:isoamy-
lalcohol (24:23:1) mixture. (It is important to
inactivate all kinase activity because dephos-
phorylated Agtl!l vector is used. Residual
kinase activity will result in a large nonre-
combinant background.) The DNA was con-
centrated by ethanol precipitation in the
presence of 2 M ammonium acetate. Resid-
ual phenol, chioroform, and ammonium ac-
etate was removed from the DNA precipitate
with two ethanol washes (70 and 100%). The
DNA pellet was desiccated briefly under a
vacuum and resuspended in 3-5 ul of liga-
tion buffer. All or portions of this DNA can
be utilized in the following ligation to Agtl 1.

Ligation of insert DNA to Agt11 vector. All

ligations of insert DNA and Mgtl] vector
DNA were performed with | ug of dephos-
phorvlated Agtll vector DNA (Promega
Biotec. Madison, WI) and 0.5 unit of T,
DNA ligase. in 5 ul of ligation buffer at 16°C
for 2 to 18 h. In an effort to achieve optimal
ratios of insert-to-vector DNA in the ligation
reaction, the amount of insert DNA was var-
ied by performing three separate ligations
using 1/50, 1/10. and 1/2 of the adaptor-
modified insert.

Each ligation was packaged using com-
mercially prepared packaging mixes at 22°C
for 2 h (Vector Cloning Systems, San Diego.
CA). The packaging reactions were diluted
with 500 ul of SM buffer (50 mM Tris-HCl,
pH 7.5, 100 mMm NaCl, 8 mM MgSO,, 0.01%
gelatin). Dilutions of these libraries were ti-
tered directly on E. coli Y1090 (r'm"* deriva-
tive, Promega Biotec) lawns in soft agar con-
taining IPTG (160 ug/ml) and Xgal (40
ug/ml, Bethesda Research Laboratory). The
recombinant libraries were screened directly
without amplification.

Immunoscreening of \gt11 recombinant li-
braries. All recombinant libraries were
screened for antigen-positive recombinants
as described by Young and Davis (4) with
sera from rabbits hyperimmunized with the
Karp strain of R. tsutsugamushi. Before
screening, these sera were absorbed with E.
coli Y1090 and PEG-precipitated Agtil to
remove background antibodies that react
with E. coli and A antigens. Fractions of son-
icated Y1090, detergent-extracted mem-
brane, and concentrated phage were pre-
pared as the absorbents. Sera absorbed with
these fractions had a significantly reduced
amount of reactivity with E. coli proteins
when monitored by Western blot analysis
and M plaque-screening procedures. Details
of this procedure will be described elsewhere
(manuscript in preparation).

Recombinant antigen-selected antibody.
The antibody directed against each recombi-
nant R. tsutsugamushi antigen epitope was
affinity-purified fron. hyperimmune serum
using the antigen-selected antibody proce-

—
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dure (antibody select) (8.9). An overnight
culture of E. coli Y 1090 (0.4 ml) was infected
with 0.5-3 X 10° plaque-purified recombi-
nant phage and plated in Luria broth soft
agarose (0.7%) overlays on 150-mm petn
dishes. The plates were incubated for 3 h at
42°C or until phage plaques were evident.
Nitrocellulose disks (139 mm, Schleicher &
Schuell BAS8S5) saturated with IPTG (10
mg/ml) were overlaid onto the recombinant
lawn. The nitrocellulose filters were incu-
bated on the plates at 37°C for at least 2 h
before the filters were inverted and incubated
for at least 2 more h. The filters were re-
moved and rinsed for 10 min with Tris—sa-
line (10 mM Tris-HCl, pH 7.4, 150 mM
NaCl) and blocked with 2% casein in Tris-
saline. Rabbit anti-R. tsutsugamushi, diluted
100-fold, was incubated with the filters for 3
h at room temperature. Nonspecifically
bound antibody was removed by 10-min
washes with Tris-saline, twice with Tris-sa-
line-Triton (0.05% Triton X-100), once with
Tris-saline, and once with saline. Antibody
directed to recombinant antigens was eluted
from the filters by washing the filters with 10
ml of 0.2 M glycine, pH 2.8, 0.15 M NaCl
buffer and was subsequently adjusted to pH
7.0 with solid Tris (8 mg/ml solution). This
eluate was diluted 3-fold with 2% casein and
employed in Western blot analysis of R. tsu-
tsugamushi lysates for identification of the
rickettsial polypeptide corresponding to the
cloned epitopes. Antibody affinity purified
in this manner characteristically reacted with
only one of the antigens of R. tsutsugamushi.
Polyacrylamide gel electrophoresis and
Western blot analysis. A discontinuous poly-
acrylamide gel system was used for the sepa-
ration of both rickettsial and E£. coli poly-
peptides (10). The gels consisted of 9%
acrylamide crosslinked with N,N'-diailytar-
tardiamide. Electrophoresis was performed
overnight at a constant voltage of 60 V.
Western blot analysis was performed as
previously described (11) but modified by
using casein (2% in Tris-saline) as a filler and
diluent of antisera (12). Goat anit-rabbit [gG
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conjugated with alkaline phosphatase (Coo-
per Biomedicals. Malvern, PA) was used for
the detection of antibody bound to rickettsial
antigens. Rabbit anti-g8-galactosidase (Coo-
per Biomedicals) was utilized to detect fusion
polypeptides.

RESULTS

Construction of Agtil recombinant li-
braries wilizing adaptors. The chromoscmal
DNA used to test the Agtl 1 cloning protocol
developed in this study is derived from the
causative agent of scrub typhus in humans,
R. tsutsugamushi. A diagram summarizing
the protocol utilizing conversion adaptors to
construct Agtll recombinant expression li-
braries in this study is shown in Fig. 2. Insert
DNA was generated for three of the five li-
braries listed in Table 1 by partial restriction
enzyme digestion. Complete digestion was
used to generate the insert DNA for two li-
braries (Hpall + HinPI, Avall + Sau96l),
because complete digestion of the AT-rich
rickettsial DNA (GC content of 35%) was
necessary to obtain restriction fragment pop-
ulations significantly smaller then 8 kb.

After ligation to insert DNA restriction
fragments, excess EcoRl adaptor oligonu-
cleotides were removed by PEG size frac-
tionation. The removal of 5-a-*?P-radiola-
beled adaptor oligonucleotides from the in-
sert-adaptor ligation mix was monitored
before and after PEG precipitation. It was
found that two PEG precipitations were nec-
essary to exhaustively remove labeled adap-
tors, while adaptor-labeled restriction frag-
ments above 300 base pairs were not signifi-
cantly depleted (data not shown).

The unamplified yields of recombinant
phage (Table 1) obtained in the Agtll li-
braries constructed with conversion adaptors
compare very favorably with those obtained
using linkers and blunt-ended DNA. Only
50-200 ng of insert DNA was necessary to
obtain these yields (3 X 10°-1 X 107) when
ligated to 1 ug of agtl1 DNA. The recombi-
nant phage yields obtained with Avall
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RESTRICTION FRAGHMENTS CATC
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FIG. 2. Summary of method using conversion adaptors to construct genomic libraries in Agtl . A small
excess of unphosphorylated conversion adaptors (one length for each of three reading frames) is ligated to
restriction fragments (e.g., Sau3A fragments). Excess (unligated) adaptors are removed from the ligation
mix by PEG precipitation. The £coRI adaptor-ended restriction fragments are phosphorylated at their 5
terminus (EcoRI cohesive end) and ligated to EcoRI-cleaved, alkaline phosphatase-treated. Agtl | vector.
The concatamerized vector/insert ligation mix is packaged and plated for immunoscreening with the
appropriate antisera.
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TABLE {

SUMMARY OF R. tsutsugamushi RESTRICTION FRAGMENT LIBRARIES (N Agtl ]

Total [PTG-dependent Epitopes
Restniction recombinant antigen identified in
enzyme phage Antigen-positive expression libranes
libraries (% recombinant) frequency per 10* (%) (antigen. kDa)
Hpall = HinPlt 1 %X 107 (>99%) 30 61 58. 110
Avall = Sau961 7 X 10° (94%) 27 8 49. 56. 58.
110. 138.
150. 165
Ddel 3 X 10° (965} 31 48 49, 58. 110
Hinfl 4% 10° (877%) 21 24 58.110. 150
Sau3A/Tuyl 3 % 10° (85%) 26 71 56. 58, 72,
110, 150

Note. Insert DNA was generated for each library by digesting R. tsuesugamushi DNA with the enzymes indicated in
column 1. Complete digestions of R. tsuisugamushi genomic DNA with equal unit mixtures of Avall + Sau961 and
Hpall + HinPl were necessary to generate restriction fragments smaller than 8 kb. Digestions with each of these
combinations result in complementary ends (Fig. 1). Partial digestions of R. (sutsugamushi genomic DNA were
performed with the enzymes Sau3A, Taql, Ddel. and Hinfl. Complementary conversion adaptors (Fig. 1) were
ligated to all resulting restriction fragments as described above. The Sau3A/Tagl library was constructed by mixing
adaptor-ended Sau3A and Tagl restriction fragments prior to ligation with Agtl 1. The recombinant phage totals
listed in column 2 were obtained directly from the in vitro packaging of the vector insert ligation mix, without
amplification. The recombinant percentage is the proportion of clear plaques (JacZ ™) to blue plaques (lacZ™) on
Xgal plates. Antigen-positive plaques per {0* recombinants are indicated in column 3. Lysates of Y 1089::recombi-
nant Agtl! lysogens grown with and without IPTG were assayed by Western blot analysis for /ac-dependent expres-
sion of recombinant R. (sutsugamushi antigen epitopes (column 4). A minimum of 15 lysogens were assayed in this
manner for each library. Recombinant antigen-selected antibody was used to identify the cross-reacting rickettsial
antigens by Western blot anaiysis of R. tsursugamushi lysates (Fig. 3). The corresponding R. tsutsugamushi antigen
epitopes identified in each library are listed in column 5 (antigen moiecular mass in kDa).

+ Sau96l., Ddel, and Hinfl libraries are com- fied sera were then used as probes in Western
parable to those obtained with the Hpall blot analysis of R. tsutsugamushi lysates (Fig.
+ HinPl and Sau3A/Tagql libraries, even 3) to identify the cross-reacting rickettsial
though the libraries in the former group were antigens. Western blot analysis of R. tsutsu-
constructed using restriction enzymes leav- gamushi antigens had revealed at least eight
ing degenerate ends. polypeptide antigens with this antiserum
Identification and evaluation of antigen- (manuscript in preparation). Gene epitopes
positive recombinants. Rickettsial antigen- from each of these antigens were represented
positive recombinants were immuno- in the five libraries constructed. The recom-
screened using polyvalent antisera preab- binant antigen epitopes identified in each li-
sorbed with lysates of E. coli and Agtll. The brary are summarized in Table 1. At least
frequency of antigen-positive recombinants portions of the 110- and 58-kDa antigen
was similar for each library (Table 1, column genes are represented in each of five recom-
3). Antigen-positive clones were isolated and  binant libraries, while a 72-kDa antigen gene
plaque purified twice for further analysis. recombinant was observed only in the
Antigen-positive recombinant phages were Sau3A/Tagl library.
used to prepare recombinant antigen-se- Expression of antigen genes cloned in
lected antibody reagents from the screening Agtl1 can be independent of or dependent on
sera. The recombinant antigen affinity-puri- Jec promoter induction. In the latter case,
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1 2 3 4 5 6
[
-
10—
72— - o
58 — - o
56~

FIG. 3. Western blot analysis of R. tsutsigamushi ly-
sates reacted with antibody affinity purified using re-
combinant antigens. Nitrocellulose strips containing
blotted R. tsutsugamushi polypeptides transferred from
a polyacrylamide gel were reacted with the following
antibodies: lane 1. hyperimmune rabbit anti-R. ¢sutsu-
gamushi: lane 2, antibody selected with Agt! 1: lanes 3-6,
antibodies selected using recombinant phage synthesiz-
ing epitopes of the 72-kDa polypeptide (lane 3), the
110-kDa polypeptide (lane 4). the 58-kDa polypeptide
(lane 5), and the 56-kDa polypeptide (lane 6). The anti-
gens are noted in the left margin. Lanes 2-6 are each
showing duplicate Western bints probed with the se-
lected antibody.

antigen genes are either fused to lacZ (gene
fusion) and expressed as g-galactosidase fu-
sion proteins or a 5 proximal gene cotran-
scribed with the antigen gene is fused to lacZ
(operon fusion), resulting in the expression
of the antigen as a complete or truncated
protein (13). One hundred recombinant ly-
sogens (in E. coli Y1089) (3,4) were evalu-
ated by Western blot analysis for the expres-
sion of polypeptides which were induced by
IPTG (lac-dependent). Thirty-nine of these
recombinant lysogens were found to express
antigenic polypeptides when grown in the
presence of IPTG (data not shown). All but
one of these lac-dependent antigenic poly-
peptides were found to be fused with a 3-ga-
lactosidase protein as indicated by reaction
with anti-G-galactosidase with Western blot
analysis. This is thought to result from an
operon fusion. The majority of the recombi-
nant 8-galactosidase-antigen fusion proteins

403

were expressed in the Hpall/HinPl. Ddel.
and Sau3A-Tugl libraries.

Size analvsis of cloned insert DNAs in an-
tigen-positive recombinants. Phage DNA was
prepared trom 45 antigcn-positive recombi-
nants and digested with EcoRl1 for analysis of
cloned insert size by agarose gel electropho-
resis. The sizes of the cloned insert DNAs
ranged from 0.3 to 7 kb pairs. Restriction
fragments analvsis of inserts for each clone
type (e.g.. 56. 110 kDa) did not reveal repeti-
tion of cloned inserts except in the case of
three 72-kDa antigen-positive recombinants
from the Sau3A/Tagl library (data not
shown). All three of the 72-kDa antigen-posi-
tive recombinants carried an identical 1-kb
restriction fragment.

DISCUSSION

The use of conversion adaptors for the
Agtl1 system has facilitated the construction
of expression libraries from R. rsutsugamu-
shi. The yield of recombinant phage and per-
centage of recombinants were quite high
even without amplification. The libraries ap-
pear to be representative of the rickettsial
genome, because epitopes have been cloned
from all eight R. tsutsugamushi antigens
previously identified by Western blot analy-
sis with hyperimmune sera. The Agtll clon-
ing protocol used in this study has also been
employed to construct expression libraries
for other pathogens including other rickett-
sia-like organisms (R. conori, Coxiella, Ehr-
lichia), gram-negative bacteria (Shigella,
Pseudomonas), gram-positive bacteria (Clos-
tridium), and malaria parasites with similar
results. Previous attempts at cloning and ex-
pressing R. tsutsugamushi antigen genes
were not successful using other E. coli vector
systems. Therefore, it was not known
whether R. tsutsugamushi genes could be
cloned and expressed independent of an E.
coli promoter. While expression of 39% of
the recombinant antigens was lac-depen-
dent, it is likely that R. rsutsugamushi pro-
moters can be utilized in E. coli because the
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remainder of the recombinant E. coli ex-
pressed rickettsial antigens independent of
IPTG (/ac) induction.

The size of the R. tsutsugamushi genome
was previously determined to be 54% of the
E. coli genome or approximately 2200 kb
(unpublished data). DNA encoding the eight
recognized antigen genes is estimated to rep-
resent 1% of the genome. Therefore, 1% of all
recombinants obtained in this study should
carry at least a portion of an antigen gene.
but only a fraction of these will actually ex-
press antigen epitopes. In the five libraries
constructed in this study, an average of 27
antigen-positive clones (expressing epitopes)
were obtained per 10.000 recombinants
(0.27%). Gene fusion to /acZ at any restric-
tion site within a gene should lead to /ac-de-
pendent expression in one out of six in-
stances, because 50% of restriction fragments
are inserted in /acZ in the correct orientation
and one-third of these are ligated in the cor-
rect reading frame. More than one-third
(39%) of the antigen-positive clones obtained
in this study was lacZ gene fusions. depen-
dent on IPTG iduction for expression of R.
tsutsugamushi epitopes. These results (fre-
quency of antigen-positive recombinants
and percentage lacZ gene fusions) compare
favorably with the theoretically predicted
frequencies.

Because these Agtl1 libraries were not am-
plified prior to immunoscreening, the pres-
ence of sibling recombinants was not likely.
However, it was thought that the generation
of insert DNA for expression vector cloning
by nonrandom restriction endonuclease di-
gestion might result in the inadvertent selec-
tion and repetitious cloning of identical re-
striction fragments within each library. This
was not observed within the group of 45 an-
tigen-positive recombinants analyzed for in-
sert size, except in the case of the 72-kDa
antigen clones in the Sau3A/Tagl library.

The nonrandom generation of fragments
by restriction endonuclease digestion for
“shotgun” cloning into Agtl! made it neces-
sary to use a battery of restriction endonucle-

ases to construct muitiple R. rsutsugamushi
genomic libraries. As the procedure used in
this study is extremely efficient and easily
performed. the construction of multiple li-
braries with a battery of restriction endonu-
cleases and conversion adaptors was practi-
cal. Furthermore oligonucleotides of three
lengths (Fig. 1) were synthesized for each
conversion adaptor to ensure that gene fu-
sion in any reading frame was a possibility at
any restnicton site. Five groups of conversion
adaptors were used in this study to clone re-
striction fragments generated with eight re-
striction enzymes. This laboratory now uses
seven groups of conversion adaptors de-
signed for use with restriction enzymes rec-
ognizing 13 unique 4-bp or degenerate 5-bp
sequences (Fig. 3). In theory, this would
allow the restriction of genomic DNA at ap-
proximately every 20 bp (assuming 50% GC
content). With potential sites so closely
spaced. the nonrandom generation of frag-
ments, inherent to restriction enzymes, is
minimized. The most versatile group of
EcoRI conversion adaptors, CG, can ligate to
cohesive ends generated by at least five re-
striction enzymes which recognize four
unique 4-bp or degenerate 5-bp sequences
(Fig. 1). When possible, partial digestion was
employed to generate restriction fragments
for cloning. Partial digestion was preferred
because of the possibility that any restriction
enzyme can cut within DNA sequences en-
coding desired antigen epitopes. However,
antigen-positive cloned inserts resulting from
complete digestions of genomic DNA may
be more easily aligned with DNA sequence
data and could facilitate the process of epi-
tope mapping.

The core sequences of the EcoRI conver-
sion adaptors synthesized and used in this
study were based on the core sequence of the
Xmnl series “long adaptor” oligonucleotides
designed by New England Biolabs. This de-
sign was chosen for the following reasons: (i)
Termination codons are not encountered in
any of the three reading frames. This is an
important feature if gene fusions to §-galac-
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tosidase or other useful gene/promoters are
used. (ii) The core annealing sequences com-
mon to each adaptor are interrupted palin-
dromes. This feature ensures the formation
of only the desired EcoRI conversion adap-
tor upon annealing but necessitates the syn-
thesis of two different complementary core
annealing sequences. Most commerciaily
available adaptors utilize a palindromic core
annealing sequence which allows the forma-
tion of useless duplex oligonucleotides with
identical cohesive ends. These nonfunc-
tional adaptors would compete with the de-
sired conversion adaptors for ligation to in-
sert DNA.

The major advantage of conversion adap-
tors over linkers is that the conversion adap-
tors allow an efficient cohesive-end ligation
and do not have to be used in great molar
excess. Consequently, unligated adaptor oli-
gonucleotides are easily removed by two suc-
cessive PEG precipitations, as compared to
size fractionation by column or gel electro-
phoretic techniques required to remove the
large excess of linker oligonucleotides. Fur-
thermore, the loss of insert DNA is minimal.
A small molar excess of adaptor ends is nec-
essary only to prevent significant ligation be-
tween insert restriction fragments. Nonphos-
phorylated conversion adaptors are used to
eliminate the competitive ligation between
adaptors, thereby allowing only the ligation
between insert termini and a single conver-
sion adaptor. Therefore, the pretreatment of
insert DNA with EcoRI methylase and the
digestion of the ligated insert adaptor with
large amounts of EcoRI before removing ex-
cess adaptors are eliminated.

The Agtil system is normally utilized to
*shotgun” clone genes which would not nor-
mally be expressed in E. coli or, if expressed,
would be lethal. It is also conceivable that the
utility of the Agtl1 system could be extended
to finer studies designed to locate the regions
within antigen genes encoding epitopes rec-
ognized by polyvalent or monoclonal sera
(epitope mapping). If the DNA sequence of a
cloned antigen gene is available, EcoRI con-
version adaptors could be used to rapidly
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clone and assav specified restriction frag-
ment templates for the ability to express epi-
topes in the context of the Agtll system.
While the EcoRI conversion adaptors used
in this study were designed and intended for
the construction of Agtll expression li-
braries, they are also useful for routine sub-
cloning into the EcoRl sites of many other
vectors (e.g.. M13). The conversion adaptors
could also be useful as primers for the se-
quencing of restriction fragments cloned
with the adaptors.
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